Abstract This article describes a bioelectrode for the determination of human cardiac troponin-I (cTnI). A glassy carbon electrode was coated with a hybrid film of graphene and multiwalled carbon nanotube (G-MWCNT) and modified with platinum nanoparticles (Pt NPs) that were capped with mercaptopropionic acid. The PtNPs were anchored on the G-M W C N T h y b r i d f i l m v i a t h e c r o s s -l i n k e r 1 -pyrenemethylamine and subsequently functionalized with antibody against troponin (anti-cTnI). The bioelectrode was characterized by transmission electron microscopy, scanning electron microscopy, cyclic voltammetry, and electrochemical impedance spectroscopy. The performance of the immunoelectrode was investigated by electrochemical impedance spectroscopy, and response was fit to Randle's equivalent circuit model. The charge transfer resistance (R et ) at a.c. frequencies of <1 Hz is found to be a viable sensing parameter. The dissociation constant of the immunoreaction between surface immobilized anti-cTnI and the analyte cTnI is 0.29 nM (with a Hill coefficient of 0.23), this indicating a negative cooperativity and high binding affinity of cTnI for anti-cTnI on the electrode surface. The EIS response is linear in the 1.0 pg mL −1 to 10 ng mL −1 concentration range, and the R et sensitivity is 145.5 Ω cm 2 per decade.
Introduction
Composite materials of graphene and carbon nanotubes have been reported [1, 2] to establish synergistic effects between these two different graphitic nanostructures both having excellent electronic, thermal, optical and mechanical properties [3, 4] . Graphene, an allotrope of carbon, is a one-atom thick two dimensional layer of graphite with sp 2 bonded carbon atoms arranged in a hexagonal lattice [5] . Due to its unique physical properties such as high specific surface area, rapid heterogeneous electron transfer, great mechanical strength and relatively low manufacturing cost, graphene is an ideal material for the preparation of electrochemical biosensors [6, 7] . However, the outstanding properties of graphene emerge only in the planar direction. On the other hand, carbon nanotubes, hollow cylinder of sp 2 bonded carbon atoms, orients conductivity path in the axial direction. Thus, a graphene-carbon nanotube (G-CNT) hybrid which combines the unique properties of the two carbon allotropes in all directions could be an ideal electrode material for biosensors. The integrated structure of G-CNT has the fundamental advantage of combining the high specific surface area and three-dimensional framework of CNT with the high edge-density of graphene [8] . Recently, several efforts have been made to fabricate G-CNT hybrid films via self-assembly of homogeneously mixed solutions of reduced graphene oxide and CNTs using surface functionalization techniques, and electrophoretic deposition [9] [10] [11] . However, these hybrid films are consist of overlapped thick graphene aggregates and are ineffective in creating the covalent C-C bonding between graphene and CNTs in the hybrid structure that reduces the total surface area of the hybrid film. Moreover these methods are multi-steps and quite tedious. Instead, the direct growth of G-CNT hybrids using chemical vapour deposition (CVD) method is more attractive on accounts of providing the covalent C-C bonding between the graphene and the CNTs with a comparatively lesser defect density and ease of scaling to multi-step chemical routes. Along with carbon supports, noble metal nanoparticles (NPs) are potential candidates in the development of electrochemical biosensors due to their high specific surface area, biocompatibility, excellent conductivity and chemical stability [12] . These materials have an additional advantage of enhanced diffusion due to convergent rather than linear diffusion at slow scan rates [13] . Many efforts have been devoted to synthesize noble metal NPs with uniform size and good dispersion over the carbon supports [14, 15] . Recently Li et al. synthesized a Pt/graphene composite using ethylene glycol as a reducing agent to directly reduce hexachloroplatinic acid (IV) acid and graphite oxide [16] . Pt NP directly loaded on carbon nanostructure has limited density and stability because of chemical inertness and atomic smooth surface of graphene. To obtain high-density and highly dispersed Pt-loaded G-MWCNT composite, we used 1-pyrenemethylamine as the interlinker, which can form a self-assembled layer on the surface of G-MWCNT via π-stacking interaction between the pyrene group and the graphene substrate [17] . The purpose of using carboxyl capped Pt nanoparticles is to provide sitespecific protein immobilization of anti-cTnI with high loading and better probe orientation over the nanostructure surface of G-MWCNT for high binding affinity towards the target cTnI.
Cardiac troponin I (cTnI), a protein subunit of cardiac troponin complex, is an important biological index for the diagnosis of acute myocardial infarction (AMI). It binds to actin in thin myosin filaments to support the troponin-tropomyosin complex. cTnI is only restricted inside the myocardium and it is currently considered to be the standard biomarker test for detecting AMI, because it is significantly more specific than other cardiac biomarkers [18] . The levels of cTnI in healthy humans are normally lower than 0.1 ng mL −1 , and a level between 0.1and 2 ng mL −1 indicates a diagnosis of unstable angina and other heart disorder, whereas levels greater than 2 ng mL −1 indicate an increased risk for future serious heart events [19] . This emphasizes the need for developing diagnostic tools which are highly sensitive, cost effective, and utilizing existing large-scale manufacturing techniques.
Conventional laboratory methods used for the quantitative detection of cTnI include enzyme-linked immunosorbent assay (ELISA) [20] , chemiluminescence [21] and radioimmunoassay [22] . However, these methods suffer from numerous disadvantages such as long reaction time, multistep processing of samples, expensive reagents, and requirement for trained personnel. Electrochemical impedance spectroscopy (EIS) based immunosensing methods have attracted significant attention in recent years because of their rapidity, simplicity, high sensitivity, and non-destructive nature [23] . Recently, EIS based immunosensors have reported for the label-free ultrasensitive detection of cTnI and lipoprotein receptor-1 [24, 25] . We report on the fabrication of Pt NPs modified threedimensional G-MWCNT hybrid film deposited on a glassy carbon electrode (GCE), as an impedimetric immunosensor, for ultrasensitive detection of cTnI in human serum. G-MWCNT hybrid was grown by chemical vapour deposition (CVD) method on a copper foil (25 μm thickness) deposited with~1 nm thick Fe film and transferred on to a glassy carbon electrode (GCE), followed by surface modification with mercaptopropionic acid capped (MPA) capped PtNP using interlinker 1-pyrenemethylamine (PMA). The protein antibody, anti-cTnI, was covalently immobilized to pendant carboxyl groups of Pt(MPA) through carbodiimide coupling reaction to obtain the anti-cTnI-PtNP/G-MWCNT/GCE bioelectrode. The bioelectrode showed an enhanced electrochemical performance due to the uniform distribution of electroactive PtNP with large surface to volume ratio, over the G-MWCNT hybrid film.
Experimental Chemicals and reagents
Antibody troponin I (anti-cTnI; Cat 4 T21 MAb 19C7) and antigen, human cardiac troponin I (cTnI; Cat 8 T53) were o bt a i ne d f r o m H y t e s t ( Tu r k u, F i nla nd ) , M ou s e immunoglobulin-G (IgG) (Cat IGP3) was obtained from GENEI, Bangalore, India. 1-Pyrenemethylamine hydrochloride, N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC), N-hydroxysuccinimide 98 % (NHS), hydrogen hexachloroplatinate hexahydrate (H 2 PtCl 6 ·6H 2 O), and 3-mercaptopropionic acid (MPA) were obtained from SigmaAldrich Corp. All other chemicals were of analytical grade and used without further purification.
Apparatus
TEM images were obtained on high resolution TM model Technai G2F30 STwin. SEM images were obtained on FE-SEM model SUPRA40 VP, Germany. Cyclic voltammetry (CV) and EIS measurements were done on a PGSTAT302N, AUTOLAB instrument from Eco Chemie, The Netherlands. The EIS parameters were obtained by circuit fitting the EIS experimental data using GPES (General purpose electrochemical system version 4.9, Eco Chemie) software. All electrochemical measurements were carried out in a conventional three-electrode cell configuration consisting of a Pt-G-MWCNT based electrode/bioelectrode, as a working electrode, Ag/AgCl as reference electrode and platinum wire as counter electrode.
Synthesis of G-MWCNT hybrid
The G-MWCNT hybrid films were prepared with the slight modification of the previously reported procedure [26] . In brief, the G-MWCNT hybrid films were prepared by chemical vapour deposition technique on a copper foil deposited on its one side with~1 nm thick Fe film using e-beam evaporator. The Fe deposited copper foils (1 × 1 cm 2 ) were placed in the fused silica tube (5 cm in diameter by 100 cm long) and were preheated at a temperature of 750°C, under flowing Ar/H 2 , 200 sccm (standard cubic centimetre per minute)/100 sccm atmosphere, for a period of 10 min, followed by injecting 10 sccm flow of acetylene (as a carbon source) for 20 min. At this temperature Fe film gets dewetted to form the Fe-nanoparticles, resulting to a simultaneous growth of both MWCNTs on Fe NPs and a graphene floor on residual Cu surface, respectively. The temperature of the furnace was cooled down to room temperature in flowing Ar/H 2 atmosphere to obtain the 3-dimetional nanostructure hybrid. Graphene film formed on the backside of the copper foil was removed by oxygen plasma (80 W, 30 min), followed by Cu etching in 1 M aqueous FeCl 3 solution to collect the G-MWCNT hybrid.
Preparation of the bioelectrode
Prior to modification, the glassy carbon electrodes (GCE, 3 mm in diameter) were polished with 1, 0.3 and 0.05 μm alumina powder successively, followed by sonication in distilled water and dried under vacuum. The G-MWCNT hybrid film was transferred on GCE surface (3 mm diameter) by careful scooping and dried at 50°C for 1 h to obtain the G-MWCNT/GCE. The G-MWCNT modified GCE so obtained were anodized at 1.7 V vs. Ag/AgCl for 500 s in pH 7.4 PB (0.1 M phosphate buffer), followed by cathodization at −0.6 V for 60 s to obtain an electroactive G-MWCNT. This treatment to G-MWCNT introduced defects on the edge planes of graphene surface and ends of carbon nanotubes with the generation of carbonyl groups during oxidation that were subsequently reduced to C-OH, leading to an enhanced electron transfer rate at the G-MWCNT, as reported earlier for GCE [27] . After this, G-MWCNT was functionalized with a molecular bilinker, PMA, through π-stacking, for the covalent attachment of Pt(MPA) nanoparticles. Pt (MPA) nanoparticles were chemically synthesized with a method as reported earlier [28] . G-MWCNT/GCE was incubated with 2 mM PMA in DMF for 40 min, at room temperature, followed by extensive washing with DMF and dried under N 2 gas flow to obtain the PMA functionalized G-MWCNT/GCE. The carboxyl groups of Pt (MPA) nanoparticles were activated into the corresponding esters by EDC/NHS treatment for partial covalent coupling on one hand with active amino group of PMA on G-MWCNT/GCE and the remaining on the other hand with active amino group of the anti-cTnI molecules for covalent biomolecular immobilization. 2.0 mL of 0.1 mg mL −1 aqueous solution of Pt (MPA) nanoparticles containing 0.15 M EDC and 0.03 M NHS was prepared and 10 μL of the above solution was drop casted on the PMA/G-MWCNT/GCE and left for 1 h, followed by washing with double distilled water to obtain the Pt(MPA)/G-MWCNT/GCE. The PtNP/G-MWCNT/GCE was biofunctionalized with anti-cTnI by incubating it with 10 μL PB containing 100 μg mL −1 anti-cTnI, at 4°C for 2 h, followed by washing with PB and dried under N 2 gas flow. The bioelectrode was then incubated in 0.1 % bovine serum albumin (BSA) (w/v) to block the non-specific binding sites on the Pt(MPA) and the substrate surface as well, followed by washing with PB to remove the loosely bound antibody and dried under N 2 gas flow to obtain the desired anti-cTnIPtNP/G-MWCNT/GCE bioelectrode. The stepwise fabrication of the bioelectrode is schematically represented in Fig. 1 .
Result and discussion

Choice of materials
To develop a high-performance electrochemical immunosensor, the critical issues involved the immobilization of protein molecules with high loading and stability on the transducer matrix and efficient biomolecular electronic characteristics. Keeping this in view, we utilized a large surface area 3-dimentional hybrid of 2-dimentioanl graphene and 1-dimentional MWCNTs, as conducting matrix, where PtNPs are deposited for site specific immobilization of anti-cTnI for the construction of an impedimetric immunosensor. Graphene shows a better mechanical adhesion because of maximal contact area [29] whereas the CNT has high a surface to volume ratio. The synergetic combination of large surface area of MWCNT coupled with high conductivity and good adhesiveness of graphene with electroactive PtNP in the hybrid structure provides a better platform for site-specific biomolecular immobilization leading to high sensitive electrochemical detection of biomolecules. These characteristics makes nanocarbon materials a better choice as transducers than organic materials like conducting polymers, which are comparatively less stable in uneven environmental conditions of high temperature, pH, humidity, and electrochemical potential. Though both Au and Pt are excellent bioconjugates, the previous studies indicated that the electroactivity of Pt NP is a bit larger than that of Au NP [30] . Thus, we have chosen Pt NP as electroactive bioconjugate on G-MWCNT hybrid for the fabrication of an electroactive stable prototype for electrochemical sensing of cTnI.
Surface morphological characterization of the prepared Pt-G-MWCNT nanocomposite
High resolution transmission electron microscopy (HRTEM) was carried out on the samples of graphene embedded with multiwalled carbon nanotubes (MWCNTs) and platinum (Pt) nanoparticles (NPs). An ultrafine networking of carbon nanotubes was noted over graphene fine sheets throughout in the microstructure (Fig. 2a, b ). Moreover a clear gray level contrast of Pt NPs was revealed on the networked MWCNTs in the graphene matrix (some of the Pt NPs are marked with a set of arrows in Fig. 2a, b ). An atomic scale image of graphene nanosheet shows a hexagonal honeycomb-like structure of a typical graphene with fringe spacing of about 0.34 nm (inset I in Fig. 2a ). Inset II in Fig. 2a elucidates that the Pt nanoparticles of facetted morphology range in size between 5 to 10 nm. Inset III in Fig. 2b further shows an ultrafine Pt nanoparticle trapped within the core diameter of a carbon nanotube. A corresponding selected area electron diffraction pattern (SAEDP) recorded on the composite of graphene dispersed with carbon nanotubes and platinum nanoparticles exhibited a set of few Debye rings (Fig. 2c) . Although the two strong Debye rings evolved in reciprocal space due to the presence of first and second order diffraction planes of graphene, a few faint rings are attributed to the diffraction planes corresponding to 111 and 200 of the cubic crystal structure of Pt. The Pt rings in reciprocal space are quite diffuse, probably because of the ultrafine nature of the particles with multiple interfacing between graphene and carbon nanotubes. The SEM image of G-MWCNT hybrid shows uniform and highly dense distribution of MWCNT over the entire graphene surface (Please see Fig. S1 in the supporting information).
Electrochemical characterization of the bioelectrode
Cyclic voltammetry (CV) is convincing and widely used electroanalytical technique for investigation and monitoring the various stages of immunosensor fabrication. The alteration in peak current and separation of peak potentials in voltammograms at different electrode surfaces are theoretically related to the electron transfer rate constant i.e. the electron transfer resistance. 6 ] 3−/4-was influenced by the electrode surface modification. The cyclic voltammogram of the modified electrode before and after the immobilization of a bioreceptor, anti-cTnI is shown in Fig.3 . As can be seen, well-defined quasi-reversible redox cyclic voltammogram with anodic to cathodic current peak ratio of approximately one and peak-to-peak separation of 130 mV was observed for bare GCE. The electrochemical behaviour of the CVD grown G-MWCNT modified GCE after subjecting to simultaneous anodic and cathodic treatment exhibited a reversible CV with a comparatively small peak-to-peak potential separation (ΔE p ) of 59 mV and increased redox peak current with respect to bare GCE, indicated to an enhance heterogeneous electron transfer kinetics. The anodization of G-MWCNT produces oxygenated groups on its surface which contributed to an increased capacitive charging current. However, a decrease in redox peak current with increased ΔE p of 104 mV was observed in PMA functionalized G-MWCNT/GCE. This may be due to the hydrophobic character of PMA that formed a physical barrier causing a decrease in the flux of redox probe to the electrode surface and thereby showing sluggish heterogeneous electron transfer kinetics, confirming the formation of PMA/G-MWCNT/GCE. A further decrease in CV peak current and increased ΔE p of 208 mV was observed with the EDC/NHS activated Pt(MPA) NP modified G-MWCNT/GCE. This may be attributed to a repulsive interaction occurring in between the anionic redox probe and negatively charged terminal hydroxyl group of NHS [31] . Subsequent decreases in redox peak current were observed corresponding to the biomolecular immobilization of PtNP/G-MWCNT/GCE with anti-cTnI and its surface passivation with a blocking protein, BSA, respectively, due to insulating nature of the protein backbone chain structure [32] .
The CV results were further elaborated by EIS, which was used to investigate the changes in impedance at the electrode solution interface in a wide frequency range (10,000 Hz to 0.01 Hz) of an applied perturbation of small amplitude AC voltage. The impedance result can be interpreted by fitting with modified Randles' equivalent circuit. In the modified circuit, the ohmic resistance of an electrolyte solution between the working electrode and the counter electrode is represented by R s ; C dl is the double layer capacitance relating to the surface characteristics of the electrode; and R et is the charge transfer resistance of the redox couple. The Warburg impedance (Z w ) with a semi-infinite diffusion mechanism in the measurement system arises from the diffusion resistance of the [Fe(CN) 6 ] 3−/ 4-redox probe between the bulk solution and the interface of the modified working electrode. The EIS experimental data obtained during stepwise fabrication of the bioelectrode were fitted to the Randles equivalent circuit and the corresponding values of the EIS parameters are listed in Table 1 . Taking into account the effect of the roughness of electrode surfaces, the constant phase element (CPE) is chosen to replace the ideal C dl element. The impedance of a CPE is represented by Eq.1
Where Y o is a proportionality constant, ω is the angular frequency (ω = 2Πf in Hz), j is the imaginary number (j = √-1) and n (−1 ≤ n ≤ 1) corresponds to the heterogeneity of the electrode surface. CPE can represent capacitance(C = Y o ) when n = 1; resistance (R = 1/Y o ) when n = 0; inductance (L = 1/Y o ) when n = −1 or Warburg impedance when n = 0.5. In our case, the value of n for distinct modified electrodes is <1, indicating a pseudo interfacial double layer capacitance at electrode/electrolyte interface. The chi-squared function (χ 2 ), which is the square of the standard deviation between the original data and the calculated spectrum, was found to be 0.016 for the bioelectrode, where the fitting lines nearly match Bode and Nyquist curves, indicating the best fit equivalent circuit.
The EIS Nyquist plot obtained at different stages of electrode fabrication is shown in Fig. 4 . It was observed that the EIS of bare GCE displayed R et of 70. 3−/4-at the electrode surface. The electrode surface coverage (θ) was calculated by using Eq. 2
Where θ represents the fraction of occupied binding sites; R et1 and R et2 represents the surface specific charge transfer resistance of PMA/G-MWCNT/GCE and PtNP/G-MWCNT/ GCE, respectively. The value of θ was found to be 0.58, signifying~58 % surface coverage of the electrode with Pt(MPA) nanoparticles. The site specific immobilization of antibody on EDC/NHS activated Pt(MPA) NP/G-MWCNT/GCE and the subsequent blocking of the non-specific binding sites by BSA showed a large increase in the the diameter of the semicircle (inset of the Fig. 4 ) with a R et of 669.9 Ω cm 2 due to the severe inhibition of probe transfer by the large protein backbone chain, confirming the formation of the bioelectrode.
Electrochemical detection of cTnI
EIS response studies of the bioelectrode were carried out towards the protein antigen, cTnI, spiked in normal human serum. EIS measurements were taken each time after incubating the bioelectrode with individual 10 μL spiked human serum sample of different cTnI concentration for 10 min, followed by washing with PB and dried under N 2 gas flow, at room temperature. Since no significant change in EIS measurement was observed after 10 min of sample incubation of the bioelectrode, it was taken as an optimum incubation time for the completion of immunoreaction. Figure 5 shows the Nyquist and the corresponding Bode plot of the bioelectrode on immunoreaction with different concentration of cTnI spiked human serum. Since, major changes were observed in R et amongst the various circuit elements, it was taken as a suitable sensing element for monitoring the immunoreaction towards the cTnI. The sample solution with a nonspiked human serum (without cTnI) was taken as the control sample and the corresponding R et value was taken as the control sample response. The diameter of the semicircle in the Nyquist plot (Fig 5a) increased gradually upon incubation of the bioelectrode with increasing concentration of the cTnI spiked human serum due to antibody-antigen-complex formation upon immunoreaction, which acts as a kinetic barrier to interfacial electron transfer at the bioelectrode/solution interface. This results to an increasing R et with decreasing capacitance (Y 0 ) values (Table 2) in the EIS response. These results were further elaborated by the corresponding Bode plot (Fig. 5b) . In the Bode plot, at f > 100 Hz the impedance was independent of frequency with a nearly zero phase angle (Φ) and this corresponds to a solution resistance, R s . In the intermediate frequency region of 1 to 100 Hz, the Bode plot showed the slope of −0.3 for log lZl vs log f with Φ < 90°indicated to a pseudo-capacitive behaviour of the bioelectrode, since the slope of < −1.0 or Φ is ≥90°c orresponds to an ideal capacitive behaviour [33] . At f < 0.1 Hz, where current-time (I/t) vs. voltage-time (V/t) were found to be nearly in phase (lowest phase angle) with different cTnI concentration showed a dominant R et characteristic, and confirmed our choice of using changes in R et as the main sensing element. The dissociation constant is an important measurement in biological assays as a parameter to assess the affinity of interactions. The equilibrium dissociation constant (K d ) was measured to estimate the binding affinity of antigen to antibody in a bimolecular interaction using a Hill equation. The lower the K d value (low concentration) higher is the binding affinity of the antigen to the antibody. The detailed binding equations of dissociation constant of antigen-antibody complex are given in supporting information. The value of K d and Hill coefficient (n) was calculated from the ordinate intercept and slope of the Hill plot (Fig. 6a) , respectively. The K d was found to be 8.57 ng mL −1 , which corresponds to 0.29 nM. This low value of K d indicated a strong binding affinity of cTnI towards anticTnI at the electrode surface, as any value less than micromolar concentration is considered to be quite good for a strong antigen-antibody interaction [34] . The Hill coefficient 'n', describes the cooperativity of antigen binding. If n > 1, the cooperativity is positive, when the antigen molecule binds to the specific antibody, the affinity of the antibody to other antigens increases. If n < 1, the cooperativity is negative i.e. the antigen molecule binds to the specific antibody and the affinity of the antibody to other antigens decreases. If n = 1, no cooperativity is observed and each binding site functions independently [35] . The n = 0.23 found in the present case corresponds to a negative cooperativity, which indicates the binding of cTnI to more than one anti-cTnI at the bioelectrode surface [36] . This may be due to the inhibition of multiple cTnI molecules binding to small aggregates or clusters of anti-cTnI due to steric hindrance [37] . The sensitivity of the bioelectrode (slope of the calibration curve) was found to be 145.5 Ω cm 2 per decade with a correlation coefficient of 0.99. This sensitivity of the bioelectrode is significantly high, which is about 1.8 time more than the recently reported sensitivity of the PtNP modified graphene based bioelectrode for cTnI detection [38] over a wide linear detection range of cTnI. This signifies the importance of the 3-Dimentional G-MWCNT over the 2D pristine graphene matrix with respect to a large electroactive surface area, which provided a comparatively large amount of PtNP deposition for site specific protein immobilization with a better probe orientation, showing a much wider linear detection range for cTnI than the earlier reported bioelectrodes [21, 25, [39] [40] [41] [42] [43] (Table 3) . Reproducibility, specificity and stability of the assay
The reproducibility of the bioelectrode was investigated in terms of relative standard deviation (RSD) by taking measurements with three different bioelectrodes prepared in the same manner and was found to be ±4 % for a maximum cTnI concentration of 10 ng mL
, suggesting a good reproducibility in the tested condition. The specificity of the bioelectrode was investigated by evaluating the normalized resistance response ΔR (%) upon exposure to each 10 ng mL −1 concentration of non-specific IgG and another cardiac biomarker, C-reactive protein (CRP), under identical conditions, as described for the specific target cTnI. It was observed that both the IgG and CRP showed normalized resistance response ΔR (%) of 14.6 % and 11.3 %, respectively, with respect to cTnI (inset of Fig 6b) . These small changes in the resistance response towards the non-specific proteins indicate a good specificity of the bioelectrode for cTnI detection. The stability of the bioelectrode was also investigated by carrying out repeated EIS measurements with 1.0 ng mL −1 cTnI in human serum, under identical conditions. With an observation of getting almost consistent R et response for more than six EIS measurements on the same sample of cTnI spiked human serum, it may concluded that the bioelectrode has a good stability in solution. However, the EIS responses decreases significantly after its storage of more than one month at room temperature and have therefore limited stability in an open environment.
Conclusion
In summary, we have demonstrated the impedance sensing performance of the bio-functionalized PtNP modified 3-dimentional carbon nanostructure of MWCNT and graphene deposited on GCE for cTnI. This Pt/G-MWCNT platform combine the advantages of porous and large surface area of the G-MWCNT with ultra-high density of active graphene edge planes together with high surface to volume ratio of electroactive Pt NP that allows an efficient covalent biomolecular immobilization, responsible for high protein loading and fast interfacial electron exchange. The bioelectrode exhibited a linear response over a wide concentration range of 1.0 pg mL −1 to 10 ng mL −1 cTnI-spiked human serum with high sensitivity of 145.5 Ω cm 2 per decade. This high sensitivity of the bioelectrode due to the high binding affinity of cTnI at the electrode surface, as depicted by Hill coefficient (n) = 0.23 where individual cTnI molecule is binding with more than one anti-cTnI, indicated a good biocompatibility of the bioelectrode. These results indicate that the above mentioned Pt/G-MWCNT nanocomposite modified electrode may be used to immobilize other enzymes, proteins or DNA for various biological and electrochemical applications. Besides having the advantage of low cost and simple analytical method discussed above, the present system has the disadvantage of having a limited stability at room temperature in an open environment.
